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Summary. The gene for a f-glucosidase from the extremely
thermophilic bacterium Caldocellum saccharolyticum has
been isolated from a genomic library and sequenced. An
~ open reading frame identified by computer analysis of the
sequence could encode a protein of M, 54400, which is close
to the size of the polypeptide experimentally determined
using maxicells. Analysis of the amino-terminal residues
of the protein produced in Escherichia coli suggests that
it is processed by a methionine aminopeptidase. A sequence
within C. saccharolyticum DNA upstream of the §-glucosi-
dase gene was found to act as a promoter for expression
of the thermophile gene in E. coli. The protein has been
overproduced in E. coli and Bacillus subtilis where it retains
its enzymatic activity and heat stability. There appears to
be a single copy of the gene in Caldocellum DNA.
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Introduction

Three general classes of enzymes are involved in the break-
down of cellulose: exocellulase (#-1,4-p-glucan cellobiohyd-
rolase), endocellulase (f-1,4-pD-glucan glucanohydrolase)
and f§-1,4-p-glucosidase. The first two enzymes act co-oper-
atively to depolymerize cellulose to cellobiose and oligosac-
charides. f-Glucosidase hydrolyses these sugars to form glu-
cose.

The obligatory anaerobe, Caldocellum saccharolyticum,
is a thermophilic bacterium that has an optimum growth
temperature of 68° C but which will continue to grow at
80° C under laboratory conditions. It is able to degrade
cellulose but is unrelated to the intensively studied species
Clostridium thermocellum, as shown by a lack of DNA-
DNA hybridization (Donnison et al. 1986). We have con-
structed a gene bank of C. saccharolyticum in bacteriophage
21059 and have isolated recombinants that carry DNA en-
coding a number of enzymes involved in cellulose break-
down. A p-glucosidase from Caldocellum has been ex-
pressed in Escherichia coli and Bacillus subtilis (Love and
Streiff 1987). The enzyme purified from the mesophilic host
has a temperature maximum of 85° C, a pH maximum of
6.25, and M, 52000, properties identical to those of the
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enzyme isolated from Caldocellum. In this communication,
we report the nucleotide sequence of the S-glucosidase gene,
the location of a thermophile DNA sequence recognised
as a promoter in E. coli, and the high level expression of
p-glucosidase in E. coli and B. subtilis hosts.

Materials and methods

Bacteria and plasmids. E. coli strains used were: PB2636
(F~, galK, thi-1, leu-6, thr-1, lacY1, supE44, r, m;); IM101
(F" traD36, proA* B*, lacZAMA5/Alac pro, thi, supE44);
IM105 (F’ traD36, proA* B*, lacl®, lacZAM15/Alac pro,
thi, strA, endA, sbcB15, hspR4). The B. subtilis strain used
was SB202 (aroB2, trpC2, tyrAl, hisH2), provided by D.
Ehrlich. The plasmids used were pPL608, provided by P.
Lovett, pKK223-3 which was purchased from P-L Bio-
chemicals, and pK0100 (McKenney et al. 1981).

Media, transformation and DNA techniques. These were as
described previously (Love and Streiff 1987).

B-Glucosidase assay. Samples of cultures were diluted in
50 mM phosphate-citrate buffer, pH 6.25 and treated with
toluene. Appropriate volumes were assayed for p-glucosi-
dase activity at 70°C for 60 min in the presence of
0.5mgml™ ' p-nitrophenyl-f-p-glucopyranoside (PNPG,
Sigma), as described previously (Love and Streiff 1987).
One unit of f-glucosidase activity was defined as the
amount of enzyme required to liberate 1 umol p-nitro-
phenol per minute.

Southern hybridization. DNAs were electrophoresed in a
0.8% agarose-borate gel and transferred to Genescreen Plus
(NEN Research Products) following the method described
by Reed and Mann (1985). The 1.72 kb HindIIl fragment
of pNZ1002 (Fig. 2) was isolated from a gel using Gene-
clean (Bio 101) and the DNA was nick-translated using
a kit purchased from Bethesda Research Laboratories.

SDS-gel electrophoresis. Samples (100 pl) of B. subtilis cul-
tures were sonicated for 15 s in the presence of SDS-loading
buffer and then boiled for 5 min. Undissolved material was
removed by centrifugation and 20 pl samples of the super-
natants were clectrophoresed in an SDS-polyacrylamide gel
according to Laemmli (1970). Proteins were fixed in 50%
methanol, 10% acetic acid and visualized by the silver stain-
ing method essentially as described by Oakley et al. (1980).



Hind3 - 10 D B 5 70 0 110 Hinfl
I s e . . . . . . . . . R

CAAAAGCATTT T TG T0GTOCTGCAACTGUGTCATATCAGAT TOAARG TECATEGAACGAAGATGGAAAAGGCGA
MetSerPheProlysGlyPheleuTrpGlyAlaslaThrAlaSer TyrGinTleGluGlyAlaTrpAsrGluAspGlylysGlyGL

130 150 170 190 210 220 Hmf}
uSerTleTrpAspArgPhelhriisGInlysArgAsnTlel euTyrGlyHisAsrGlyAspValAlaCysAspHisTyxilisArgPheGuGluds pValSerleuMetlysGluleuGl

250 270 Hinfl 2% 310 330 350
ACTCAAAGOCTACAGGTTTTCCATTGCATOGACAAGAATCTT T CAGATOGT T T TOG TACTG TGAATCAGAAAGG TCTTGAG T TTTATGATAGACT TATCAACAAACTTGT TGAAAACG
yLeuLysAla’IyrArgPheSerIleAlaTrpThrArgIlePhe.’PrDAspGlyPheGlyHnVaJAsrﬁlriysGly[etﬂluPheTyrAspArg{ﬂJIleAsnLysLeuValGluAsrﬂl

370 3% 410 430 450 Taql 470
TATTGAACOGGTIGTCACCCT T TACCACTORGACC T TG CAGAACC TOCAACACAT TOGOGCTOGGCAAACCCAGAAAT TGTGAAT TATTATTTCGAT TATGCAATGCTTGTTATAAA
yI1eGluProValValThrleuTyrHisTrpaspleuProGlntysLeuGlnAspTleGlyGlyTrpaladsnProGlul leValAsnTyrTyrPheAsplyrAlatie tleuVal TleAs

490 510 530 550 Hinfl 570 5%0
COGTTATAAAGACAAAGTAAAAAAGTCGATAACATTCAATGAACCT TAT TGCATTGCTTTTT TAGGCTACT TTCATGGAATOCATGCACCAGGAATAAAAGATTTCAAAGTTGCAATCGA
nArgTyrlysasplysVallysLysTrpIleThrPheAsnGluProlyrCysIleAlaPhel euGlyTyrPheHisGlyIleti sAlaProGlyTlelysAspPhelysValAlatetAs

610 630 650 670 650 Accl 710
TGTTGTGCACAGOCTCATGCTT TCTCAT TTTAAGG T TG TAAAAGCTG TAAAAGAAAACAATAT TGATG T TGAGG TCGGAAT TACATTAAAT TTAACCCCAGTCTACCT TCAGACAGAACG
pValValHisSe:LeuMetLeuSerHisPheLysValVa]LysAlaValLysGluAsA’sxﬂleAspValGluValGlyIle’mrLeuAsnLafﬁerroVallerexﬁlnThrGluAr

730 750 770 790 810 820

gLeuGlyTyriysValSerGlulleGludrgGlutetValSerleuSerSerGlnleuAspAsnGlnLeuPhel euAspProVall eulysGlySer Tyr ProGlnLysLeul eudspTy

850 870 Sphl 850 910 920 930

|
T TOTICAAAAAGATT TG TACAT A AAAAAGCATTCACCATOCACCAGGAAG T AAAGAAAT TTICATCT TOOC TGAT T T ICT TS TATCAACTATTACACACTGCCGTCAGCT
rLeuValGlnLysAspleul eusspSerGlnlysalaleuSerMe tGlnGlnG walLlysGluAsnPhel lePheProdspPhel euGlyTleAsnTyrTyrThrArgAlavalargle

970 9%0 1010 Pstl 1030 1050 Tagl 1070
. . . . . . . . . {. . .
TTACGACGAAAATTCTAGCTGGATAT TTCCAATAAGATOOGAACATCCTCCAGGAGAATACACORAGATEOGC TORGAAG TG T TOCOGCAGEEGCTI TTOGATCT TTTGATTTAGATTAA
uTyrAspGluAsnSerSerTrpIlePheProlleArgTrpGlulisProAlaGlyGlulyrThrGluMetGly TrpGluVal PheProGinGlyleuPheAspl euleuT leTrpliely

1090 1110 1130 1150 1170 Dral 1190

|
MMMMWMWWCW@WW

sGluSerTyrProGlnlleProllelyrIleThrGludsnGlyAlad] aTyrAsnasplleValThrGluaspGlylLysValHisAspSerlysArgTleGIuTyrLeulysGlnHisPh
1210 1230 1250 1270 1290 1310

eGlulaAlaArglysAlaTleGluAsnGlyVal AspleuArgGlyTyrPheVal TrpSerLeuMe thspAsnPheGluTrpAlaMetGlyTyrThelysArgPheGlyTlel leTyrva

130 Hinfl 1350 1370 1390 | 1410 1430
A e e 3 L
mmmmmmwmmmmmﬂmmmm
1AspTyrGluThuGinLysArgT TelysLysAspSer PheTyr PheTyrGlnGinTyrTlel ysGluAsnSerknd

1450 1470 1490 1510 1530 1550
GOOOGTTTICTATTTTCCATCCT TCATGTGAAAGTAGCCAAATCTT T T TTTCAAGO CACCGCTAAACCCACCT AAGGACAAATCTCACT TGACCACCOGATGOCATAGAACAATTATCA
1570 1590 Hhal 1610 1630 1650 1670

CAGCTGGATTTTTGCCAACACCAT T TCCAACAGCTCTTGOGOOC IGTAG T T TOCAACT T T T TCTGCAAGCTCTC TG TAAGAAAT TACACT TCTAAATOGAACT TTTATAAGT TCATTCC
1690 Pstl 1710 Hind3

e
AAACTCITTTTTGAAACTOOGTCOCCTGCAGCTGAAGCTT

Fig. 1. Nucleotide and amino acid sequence of the bg/4 gene. Numbering of the nucleotide sequence begins at the bg/d amino-terminus
at the proximal end of the HindllIl fragment. The dots mark every tenth nucleotide. Some restriction enzyme cut sites are indicated.
The underlined amino acid sequence has been determined by automated sequencing of the purified protein. A putative Pribnow box
(-10) and Shine-Dalgarno (S-D) sequence are indicated as dotfed lines. A palindromic sequence is indicated by dotted arrows facing
each other; this sequence does not qualify as a transcription terminator according to computer analysis using the Brendel-Trifonov

algorithm (Brendel and Trifonov 1984)
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ATATTTTTATCCGCATAGTGCTCCGGGAAAGCAGAAGTTCTTAAGAGTACAAACTGTCGAATAGTAGCTATTCGAAATAATAG

s-D Met

Thermophilic DNA

CTTAAAAGGAGGTTTATGGACATGAGTTTCCCAAAAGGATTTTTGTGGGGTGCTGCAACTGCGTCAT
GAATTTTCCTCCAAATACCTGTACTCAAAGGGTTTTCCTAAAAACACCCCACGACGTTGACGCAGTA

Fig. 2. Possible promoter and ribosomal binding site sequences formed by cloning the 1.72 kb HindIII fragment of pNZ1002 or pNZ1001,
coding for f-glucosidase, into the HindIlI site of pBR322. f-Glucosidase activity is expressed in both orientations but at very different
levels (Love and Streiff 1987). The sequences of the joint-point of the construct encompassing the g-glucosidase ATG site are shown.
The —35 and —-10 sequences identified by the Targsearch program are boxed. S-D refers to the putative Shine-Dalgarno sequence and
the translation start site (Mer) is also indicated. Abbreviations are: E, EcoRI; P, Pstl; H, HindII1

SDS-molecular weight markers were purchased from
Sigma.

Protein microsequencing. This was performed by Dr. D.
Christie of the Department of Biochemistry, University of
Auckland, using an Applied Biosystems Sequenator.

DNA sequence analysis. The 1.72 kb HindIIl fragment con-
taining the f-glucosidase gene was ligated into HindIII-di-
gested RF (replicative form) of mp19 (Norrander et al.
1983) and recombinant DNAs were isolated with the ther-
mophilic DNA fragment in both orientations. Single-
stranded template DNAs were prepared from two isolates
with opposite orientations of the HindIII fragment and de-
letions were prepared using T4 DNA polymerase (Dale
et al. 1985). Individual deletion derivatives were sequenced
using the dideoxy procedure (Sanger et al. 1977).

Computer analysis. All analysis of the sequence data was
carried out using the Sequence Analysis Software Package
of the University of Wisconsin Genetics Computer Group
on a MicroVax I1.

Results

The DNA sequence and the deduced polypeptide sequence
are shown in Fig. 1. It can be seen that there are two ATG
codons, one at positions 29-31 and one at 35-37. The ami-
no-terminal sequence of the enzyme was determined on a
purified sample of the protein isolated from E. coli cells
transformed with is pNZ1001, to help determine which start
codon is used (see Fig. 2). The sequence was found to be
Ser-Phe-Pro-Lys-Gly-Phe-Leu-Trp-Gly-, with a small pro-
portion of the protein giving the sequence Met-Ser-Phe-Pro-
Lys, etc. It would appear that, at least in E. coli, there
is amino-terminal processing of the 5-glucosidase. It is likely
that translation starts at the ATG codon at positions 35-37,
since Ben-Bassat and Bauer (1987) have shown that amino-
terminal methionine may be removed in vivo by methionine
aminopeptidase particularly when the next residue is a ser-
ine. Inspection of Fig. 1 shows that there is no sequence

of basic and hydrophobic amino acids characteristic of sig-
nal sequences. The open reading frame extending down-
stream of the second ATG codon could encode a polypep-
tide of 453 amino acids and with a molecular weight of
54400, which is close to the M, of 52000 observed in experi-
ments with maxicells (Love and Streiff 1987).

The orientation-dependent expression of the Caldocel-
lum f-glucosidase in E. coli suggested that it was expressed
from a vector promoter (Love and Streiff 1987). Fig. 2
shows that the HindlIl fragment containing the bg/4 gene
can be ligated into the fet promoter of pBR322 so that
the —35 sequence is provided by the vector and the —10
sequence and ribosome binding site by the insert (Fig. 2).
Analysis of the sequence so formed using the ‘Targsearch’
program (Mulligan et al. 1984) gave a promoter of moder-
ate strength (score of 59.2%). A consensus Shine-Dalgarno
sequence (AGGAGG for E. coli) is present in the Caldocel-
lum DNA 9 bases upstream from the translational start
site.

Sequence analysis of the Caldocellum DNA upstream
of the HindIII junction showed that there is a potential
— 35 sequence separated by 17 bases from the —10 sequence
shown in Fig. 2. This combined sequence scores as a moder-
ately strong promoter using the ‘Targsearch’ program
(58%). We concluded that C. saccharolyticum may use pro-
moter sequences that are very similar to those used by the
unrelated mesophile, E. coli.

The gene inserted in the opposite orientation is able
to be expressed from the P1 (““anti-tet’”) promoter sequence
of pBR322 (not shown).

In vivo transcription analysis of the f-glucosidase gene

Computer analysis of the DNA sequence of the 1.72 kb
HindI1I fragment indicated a putative —10 sequence imme-
diately upstream of the translation start site of the bgl4
gene (Fig. 1). The vector pK100, a derivative of pKO-1
(McKenny et al. 1981), does not have a promoter upstream
of its HindIII cloning site. The HindIlI fragment was ligated
in both orientations into this vector to determine whether
the —10 sequence alone was biologically active, since tran-



87

PLASMID MAP VECTOR
B HP P H H
L 1 1 I 1
pNZ1000 [ ] pHCT79
1e72 kb
3-0 kb -
EH P PHBE P E
pNZ1073 [ 1 1l ! 1 pKO100
|
- -—
gal K Ap
EH H P PHBE P E
pNZ1066 L i 1 H 11 { ol pKO100
gal K Ap
EBPH P PH B E
pNZ1063 1 I 1 (| pKK223-3
I
B Prac -
Ap
EEP H P PH E
pNZ1061 (| | 1 i J pPL608
I
> Pspo2 —
Km
-
1-0 kb

Fig. 3. Construction and restriction enzyme maps of recombinant plasmids containing the f-glucosidase gene. (i) pNZ1000 is a pHC79
recombinant containing a partial Seu3A fragment of Caldocellum saccharolyticum chromosomal DNA ligated into the BamHI site
of the cosmid vector pHC79 (Hohn and Collins 1980). Only the thermophilic DNA insert (7 kb) of pNZ1000 is shown. (i) pNZ1000
was digested partially with HindIII and the 1.72 kb and 3 kb fragments were isolated and ligated into the, HindIII site of pKO100.
Plasmids were isolated from ampicillin-resistant Escherichia coli PB2636 transformants. Two kinds of recombinant plasmids containing
the thermophilic DNA inserts isolated were named pNZ1066 and pNZ1073, and those ligated in the opposite orientation were called
PNZ1065 and pNZ1074, respectively. (iii) The 1.732 kb HindIIl fragment of pNZ1001 (Fig. 2) was ligated into the HindlIll sites of
pKK223-3 and pPL608. Plasmids were isolated from ampicillin (Ap)-resistant E. coli IM105 (for pKK223-3) and kanamycin (Km)-
resistant, chloramphenicol-sensitive Bacillus subtilis SB202 (for pPL608) transformant colonies. The maps of pNZ1063 and pNZ1061
are shown. Recombinant plasmids containing the thermophilic DNA inserts ligated in the opposite orientation were called pNZ1064
and pNZ1062, respectively. The tac and SP0O2 promoters are shown and the direction of transcription from these promoters is indicated
by an open arrow head. The arrows indicate the direction of transcription. ga/K refers to the galactokinase gene. Abbreviations are:
B, BamHI; E, EcoRI1; H, HindIll; P, Ps:I

Table 1. Expression of f-glucosidase in Escherichia coli (PB2636)
cells containing pKO100 recombinant plasmids. Transformed E.
coli was grown overnight in the presence of ampicillin (50 pg ml™1)
at 37° C. Samples of the cultures were treated with toluene and
assayed for f-glucosidase activity at 70° C using p-nitrophenyl-f-n-
glucopyranoside (PNPG) as substrate

result indicates that the putative —10 sequence alone is insuf-
ficient to direct the expression of f-glucosidase in E. coli.
We had constructed earlier a pHC79 recombinant plas-
mid called pNZ1000 (Fig. 3), which contained the bgIA gene
and expressed f-glucosidase activity in E. coli (data not
shown). This plasmid was used to determine whether DNA

Plasmid Units f-glucosidase activity upstream of the f-glucosidase gene contained the promoter
(mg protein) ™! sequence recognised in the mesophilic host. A 3 kb frag-

ment from a partial HindIII digest of pNZ1000, which con-

pKO100 0 tained the 1.72 kb fragment and its upstream neighbour
pNZ1073 0.025 of 1.2 kb was isolated and ligated into pKO100 in both
pNZ1074 0.006 orientations. Plasmids pNZ1065 and and pNZ1066 ex-
gggggg %333 pressed approximately equal levels of f-glucosidase activity

which were significantly greater than the levels expressed
by the plasmids containing only the 1.72 kb HindIII frag-
ment (Table 1). These data confirmed the conclusion from
sequence analysis that a promoter sequence which is recogn-
ised in E. coli lies upstream of the $-glucosidase gene and

scription is dependent on the presence of a promoter se-
quence within the inserted DNA. The amount of S-glucosi-

dase activity expressed by E. coli PB2636 cells transformed
with either recombinant plasmid (pNZ1073 and pNZ1074,
Fig. 3) was just above the background level (Table 1). This

that at least the —35 sequence is present in the 1.2 kb HindIII
fragment (discussed previously).
The direction of transcription of the bgld gene in
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Fig. 4. A, B Southern blot hybridization of digested chromosomal DNA and plasmid pNZ1002 with the 1.72 kb HindIll fragment.
Plasmid pNZ1002 and C. saccharolyticumn chromosomal DNA were digested with several restriction enzymes and then electrophoresed
in a 0.8% agarose-borate gel. The outside lanes contained a 1 kb DNA ladder (Bethesda Research Laboratories); the sizes of DNA
markers are indicated at the left side. The DNAs were blotted to Genescreen Plus and hybridized with the 1.72 kb HindIIl fragment
of pNZ1002 which had been radioactively-labelled with [¢-**P] dCTP. A The agarose gel stained with ethidium bromide. B The radioauto-

graph. Abbreviations are: E, EcoRI; H, HindlII; P, Pstl

pNZ1066 (see Fig. 3) would be expected to allow the expres-
sion of the promoterless ga/K gene of pK0100. However,
plasmid pNZ1066 expressed no detectable galactokinase ac-
tivity as determined by plating transformed E. coli PB2636
cells on MacConkey- galactose plates containing ampicillin.
This lack of activity indicates that a sequence is present
downstream of the f-glucosidase gene which prevents tran-
scription proceeding into the ga/K gene. An inverted repeat
sequence following the bglA4 structural gene was identified
(Fig. 1), but as it was not similar to the rho factor indepen-
dent terminator, its significance is unknown.

Hybridization analysis

Multiple genes coding for endocellulases have been isolated
from several cellulolytic micro-organisms (Béguin et al.
1987; Romaniec et al. 1987a; Bergquist et al. 1987). In
some cases the cloned cellulases showed significant homolo-
gy although they were isolated on unique restriction enzyme
fragments and are thus members of a single gene family.
We used the 1.72 kb HindIII fragment containing the gene
as a probe to establish whether or not there were multiple
copies of the S-glucosidase gene present on the chromosome
of C. saccharolyticum. Hybridization of the radioactively
labelled probe showed that it hybridized with an 11 kb
EcoRI fragment and two PstI fragments (5 kb and 0.7 kb).
The smaller PsiI fragment is the same size as an internal
Pstl fragment within the probe DNA (Fig. 4). From these
results we concluded that there is a single bg/d gene (or
a tandem repeat of it) in the genome of C. saccharolyticum.

QOver-expression of B-glucosidase in mesophilic hosts

The over-production of thermophilic -glucosidase in meso-
philic hosts was attempted to enable the purification of
large amounts of this enzyme. The 1.72 kb HindIIl frag-
ment was ligated in both orientations into the HindIII site

of the expression vectors pKK223-3 (E. coli) and pPL608
(B. subtilis), (Fig. 3). The pKK223-3 vector contains the
tac promoter (de Boer et al. 1983) and the expression of
a gene inserted immediately down-stream of this promoter
is regulated by the addition of isopropyl-f-p-thiogalactoside
(IPTG). Plasmid pPL608 (Williams et al. 1981a) contains
a strong phage promoter which functions in B. subtilis. The
expression of a foreign gene inserted at the HindIIl site
of pPL608 is inducible by the addition of sub-inhibitory
concentrations of chloramphenicol (Williams et al. 1981b).

Cells carrying pKK223-3, pPL608 and the recombinant
plasmids containing the bg/A4 gene were grown under antibi-
otic selection to mid-log phase. Each culture was divided
and IPTG or chloramphenicol was added to one portion.
Preliminary experiments had allowed the concentration of
inducer necessary for maximum induction of f-glucosidase
activity to be determined and had shown that the addition
of inducer had no inhibitory effect on cell growth (data
not shown).

Figure 5 shows that a 10-fold and 1.5-fold increase in
the level of S-glucosidase activity expressed by pNZ1063
and pNZ1061, respectively, was detected 240 min after in-
duction. However, the induced level of f-glucosidase activi-
ty in B. subtilis was greater than that in E. coli: 21.03 units
mg ! protein compared with 3.69 units mg~*. The vectors
pPL608 and pKK223-3 and the E. coli recombinant with
the 1.72 kb HindIII fragment in the opposite orientation,
pNZ1064, expressed no detectable f-glucosidase activity.
The B. subtilis recombinant plasmid pNZ1062, with the
HindIII fragment in the opposite orientation to pNZ1061,
expressed 0.31 units ml~! in the absence, and 0.25 units
ml ™! after 240 min in the presence of chloramphenicol.

SDS-polyacrylamide gel electrophoresis of samples of
induced and non-induced B. subtilis cells carrying pPL608,
pNZ1061, and pNZ1062 confirmed the induction character-
istics of f-glucosidase expression determined by enzyme as-
say. The arrow in Fig. 6 indicates a protein of M, 51000
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Table 2. Codon usage of bgid gene of Caldocellum saccharolyticum. The data for E. coli genes (highly expressed) comes from the
University of Wisconsin Computer Group software package. The fraction for Thermus thermophilus isopropylmalate (IPM) dehydrogenase

has been calculated from data in Oshima (1986)

Amino acid Codon Number of codons  Fraction Escherichia coli fraction Thermus thermophilus
IPM dehydrogenase fraction

Gly GGG 1 0.03 0.02 0.53
Gly GGA 11 0.37 0 0.17
Gly GGT 11 0.37 0.59 0
Gly GGC 7 0.23 0.38 0.31
Glu GAG 4 0.12 0.22 0.93
Glu GAA 29 0.88 0.78 0.07
Asp GAT 20 0.69 0.33 0
Asp GAC 9 0.31 0.67 1.00
Val GTG 9 0.30 0.16 0.63
Val GTA 7 0.23 0.26 0
Val GTT 11 0.37 0.51 0
Val GTC 3 0.10 0.07 0.27
Ala GCG 1 0.05 0.26 0.29
Ala GCA 13 0.59 0.28 0.02
Ala GCT 5 0.23 0.35 0.02
Ala GCC 3 0.14 0.10 0.67
Arg AGG 6 0.35 0 0.21
Arg AGA 7 0.41 0 0
Ser AGT 2 0.10 0.03 0
Ser AGC 10 0.48 0.20 0.33
Lys AAG 8 0.24 0.26 0.94
Lys AAA 25 0.76 0.74 0.06
Asn AAT 12 0.55 0.06 0
Asn AAC 10 0.45 0.94 1.00
Met ATG 10 1.00 1.00 1.00
Ile ATA 8 0.24 0 0.11
Ile ATT 19 0.58 0.17 0
1le ATC 6 6.18 0.83 0.89
Thr ACG 0 0 0.07 0.54
Thr ACA 8 0.53 0.04 0
Thr ACT 3 0.20 0.35 0
Thr ACC 4 0.27 0.55 0.46
Trp TGG 13 1.00 1.00 1.00
End TGA 0 0 0 0
Cys TGT 0 0 0.49 0
Cys TGC 2 1.00 0.51 0
End TAG 0 0 0 0
End TAA 1 1.00 0 1.00
Tyr TAT 21 0.68 0.25 0.17
Tyr TAC 10 0.32 0.75 0.83
Leu TG 7 0.18 0.03 0.08
Leu TTA 6 0.16 0.02 0.03
Phe TTT 15 0.56 0.24 0.25
Phe TTC 12 0.44 0.76 0.75
Ser TCG 1 0.05 0.04 0.07
Ser TCA 1 0.05 0.02 0
Ser TCT 6 0.29 0.34 0.07
Ser TCC 1 0.05 0.37 0.53
Arg CGG 0 0 0 0.36
Arg CGA 2 0.12 0.01 0.07
Arg CGT 2 0.12 0.74 0.04
Arg CGC 0 0 0.25 0.32
Gln CAG 11 0.58 0.86 1.00
Gln CAA 8 0.42 0.14 0
His CAT 8 0.58 0.17 0
His CAC 5 0.42 0.83 1.00
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Table 2 (continued)

Amino acid Codon Number of codons  Fraction Escherichia coli fraction Thermus thermophilus
IPM dehydrogenase fraction
Leu CTG 2 0.05 0.83 0.28
Leu CTA 1 0.03 0 0.03
Leu CTT 20 0.53 0.04 0.17
Leu CTC 2 0.05 0.07 0.42
Pro CCG 3 0.19 0.77 0.22
Pro CCA 10 0.63 0.15 0
Pro CCT 3 0.19 0.08 0.11
Pro CCC 0 0 0 0.67
453
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Fig. 5. Induction of B-glucosidase expression in E. coli JM105
[pPNZ1063] and B. subtilis SB202 [pNZ1061]. E. coli and B. subtilis
strains carrying bg/d expression plasmids were grown to a density
of 1-2x 10® cells ml™*! in the presence of ampicillin (50 pg ml™1)
and kanamycin (5 pg ml~Y), respectively. The cultures were divided
and IPTG (25 pm ml™*) or chloramphenicol (0.1 pgmi™?!) was
added to one of the E. coli and B. subtilis cultures, respectively.
Samples were removed at hourly intervals and assayed for f-gluco-
sidase activity

which is expressed by pNZ1061 in the absence of chloram-
phenicol and is induced approximately 1.5-fold by the addi-
tion of chloramphenicol (lanes 6, 7). This protein is not
expressed by pPL608 and pNZ1062 (Fig. 6, compare lanes
3 and 9 with lane 6). The apparent molecular weight of
this protein is similar to that determined for f-glucosidase
expressed by transformed E. coli maxicells (Love and Streiff
1987).

Discussion

Caldocellum saccharolyticum has a 34% G-C content and
this fact is reflected in the sequence data and composition
of the f-glucosidase gene (38% G-C). Consequently, some
4bp recognition site enzymes cut rarely (for example,
Sau3A, two cleavage sites) and there is no cleavage by en-

Fig. 6. SDS-polyacrylamide gel analysis of the induced expression
of p-glucosidase in transformed B. subtilis SB202. Transformed
B. subtilis SB202 was induced as described in Fig. 5. Samples were
prepared and electrophoresed, and proteins were stained, as de-
scribed in the Materials and methods. Lanes 2, 5 and 8: samples
removed immediately prior to the addition of chloramphenicol
(Cm); lanes 3, 6 and 9: samples removed after 240 min incubation
in the absence of Cm; lanes 4, 7 and 10: the same as 3, 6 and
9 except that the cultures were incubated in the presence of Cm.
Lanes 1 and 11 contain protein molecular weight standards (from
top to bottom): myosin (M,=205000), p-galactosidase (M,
116000), phosphorylase B (M, 97400), bovine plasma albumin (M,
66000), ovalbumin (M, 45000) carbonic anhydrase (M, 29000).
The arrow indicates a protein of M, 51000

zymes with a high G-C content in their recognition sites.
The B-glucosidase enzyme produced in E. coli is remarkably
stable, with a half-life at 70° C of 2,280 min and a maximum
assay temperature of 85° C. These values are significantly
in excess of the temperature optima and stability of other
B-glucosidases that have been examined (Bergquist et al.
1987). The temperature optimum of 85° C is 25° C higher
than that shown by a f-glucosidase gene from Clostridium
thermocellum cloned in E. coli (Romaniec et al. 1987b), and
comparison of the sequences of the two enzymes may prove
to be instructive for indicating residues contributing to ther-



mal stability. Unfortunately, no sequence data are available
for the f-glucosidase from Clostridium.

Caldocellum saccharolyticum appears to be a Gram-pos-
itive organism, as shown by electron microscopy (W.H.
Morgan, personal communication), and it resembles Clos-
tridium thermocellum is this respect, as well as being another
anaerobic thermophile. Genes involved in cellulose break-
down from both organisms share common features with
Gram-positive and Gram-negative facultatively aerobic me-
sophiles in the structure of their transcribed DNA upstream
of the protein initiation codon, for example, Pribnow box
and strong Shine-Dalgarno sequences (Béguin et al. 1985;
Joliff et al. 1986).

The sequences of the f-glucosidase genes from the fungi
Candida pelliculosa and Kluyveromyces lactis have been re-
ported recently (Kohchi and Toh-e 1987; Raynal etal.
1987). Computer analysis showed that there is no significant
homology between these genes and the bglA gene of Caldo-
cellum. Raynal et al. (1987) have commented on the similar-
ity of the amino acid sequence of three fungal f-glucosidases
in a peptide at the putative active site of each of the en-
zymes. Extensive computer comparisons of amino acid se-
quences showed no obvious similarity between the Caldocel-
lum and the fungal f-glucosidases. Furthermore there is
no homology with the Clostridium thermocellum celA, celB
or celD genes and it does not contain the short re-iterated
sequence possessed by these genes.

Table 2 shows the codon usage of the bg/4 gene. Oshima
(1986) has reported that the G-C content of DNA of the
extreme thermophile Thermus thermophilus is about 70%.
The G-C content of the third letters of the codons for the
3-isopropylmalate dehydrogenase gene of T. thermophilus
is about 90%. Oshima (1986) has pointed out that the opti-
mal E. coli codons for valine, GUU and GUA, are not
used in T. thermophilus. The information in Table 2 shows
that codon usage in Caldocellum does not follow that of
Thermus but resembles that of E. coli.

Sekiguchi et al. (1986) have compared the nucleotide
and amino acid sequences of the 3-isopropylmalate dehy-
drogenase of Saccharomyces cerevisiae (mesophile), Bacillus
coagulans (facultative thermophile) and Thermus thermophi-
lus (extreme thermophile). They found that the G-C con-
tents of the coding region and the third position of the
codons of the Bacillus gene were intermediate in value com-
pared to S. cerevisiae and T. thermophilus. The data for
the p-glucosidase of Caldocellum does not fit any simple
correlation between G-C content and thermostability (Os-
hima 1986).

It is now generally accepted that the enzymes of thermo-
philes are maintained in their native condition by intrinsic
stability rather than by the presence of additional factors
conferring thermal stability or by rapid turnover (Daniel
1986; Bergquist et al. 1987). There are no obvious indica-
tions from the deduced amino acid sequence of residues
that particularly contribute to thermal stability, for exam-
ple, amino acid substitutions like gly — ala within a-helical
regions (Matthews et al. 1987). Oshima (1986) has sug-
gested that thermostable proteins lack cysteine residues (as
for example, T. thermophilus isopropylmalate dehydroge-
nase). However, Caldocellum f-glucosidase contains two
cysteines and has a similar temperature optimum for enzy-
matic activity. Hence the presence of these amino acids
does not seem to affect the thermostability of this protein.

Comparison of amino acid sequences and studies of the
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three-dimensional structures of a variety of proteins has
shown that the greater heat stability of thermostable pro-
teins is due to extra salt bridges between portions of the
folded molecules (Perutz 1978 ; Daniel 1986). A convention-
al Chou-Fasman plot (Gribskov et al. 1986) of the S-gluco-
sidase protein does not provide additional information as
to which regions of the molecule are significant in thermo-
stability. Our current experiments utilize segment-directed
mutagenesis to generate mutations of several regions of the
protein (Botstein and Shortie 1985; Matsumara et al. 1986).
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